This paper describes an industrial project aiming to enhance the existing simulation modeling suites used at a car engine factory in the UK. The company continues to enhance its simulation modeling capabilities towards so called the 'total plant modeling' which not only covers the production facilities but also key ancillary facilities. Tool delivery is one such ancillary process. The existing modeling practices at the company are limited to modeling tool changes and assume that tools meet their expected life and the replacement is always available. In reality, the tools are not always reaching the expected life, the facilities in the tool crib are a limiting resource and the tool inventory has to be minimized. The tool delivery system developed in this project has specific features that model how the tool crib operates, how tools are supplied to the machining lines and various operating strategies.
INTRODUCTION
Simulation modeling has been recognized as a key technological capability to support continuous improvement for manufacturing operations (Baines and Kay 2002) . The company where this study is based has used simulation modeling as a decision making aid particularly in designing its production facilities worldwide. The existing factory simulation suites used at the company are typically easy to use and user friendly allowing the manufacturing engineers to build the detailed models of their production lines with minimal or almost no training needed. However, recently there is an increased demand on the speed and accuracy of the simulation results upon which the operational and managerial judgment will be based. Due to this pertinent demand, the simulation suites are continually being improved. The company would like to enhance the simulation modeling suites to cover so called the 'total plant modeling', which not only includes the main production facilities, such as machining and assembly lines, but also ancillary facilities that impact production.
Tool delivery is one such ancillary process within machining lines. Although the existing machining line simulation models are sufficiently detailed and complex, they have limitations in modeling the tool usage. In this respect, tools (e.g., drills, lathes, etc) are assumed to meet their expected life with the tool replacement (as well as the resources required to replace the tools) always being available when needed. In reality, the process is far more complex. The 'total plant modeling' intends to better model the whole production facility by incorporating the tool delivery process that includes strategies to minimize stoppages during the tool change, operations inside the tool crib, and delivery of the tools to the machining lines.
Inside the tool crib, new tools are stocked and used tools are serviced to be reused in the future. Servicing worn tools involves dismantling them from the tool-holders, cleaning and regrinding. Once returned to the crib, the reused cutting tools are then re-set, gauged and stored in the tool crib warehouse.
The demand for the replacement tools is triggered from CNC machines by means of signaling, akin to the kanban cards in the 'just-in-time' system (Ohno 1988) . The receipt of the signal from a CNC machine indicates that a new tool is needed, notifying the tool crib to prepare and deliver the tool to the point of use. Effective and efficient tool crib management is therefore critical to the quality and speed of tool change. In this respect, simulation does not only allow the sizing of tool cribs, but also the management of tool crib staff and equipment requirements to support the process.
Tools are perishable assets yet costly. Monitoring the tool usage is therefore critical to ensure that the tools are only replaced just before the end of their life. If replaced too late, then the quality of the part pieces being machined (e.g., cylinder blocks or heads) would obviously be affected; and the CNC machines would consume more energy, as worn tools would increase the cycle time of the machine and ultimately in the long run, could damage the machine. Changing tools too early, on the other hand, simply means waste, which is contradictory to the concerted effort by the management on reducing the tool inventory due to the high and increasing cost of tools.
Tool crib's operators typically work 3 shifts with 2 operators per shift. As the operators are not unlimited resources, they are critical to the performance of the tool delivery. Timely tool delivery scheduling ensures the availability of the tool crib's operators to dispatch the required tools to the lines. On the line, the CNC operators are also required to keep track of the tool change schedule. In most cases, they are also required to check or re-set the tools, in addition to carry out the tool change and other maintenance regimes.
This paper describes an industrial project that aims to enhance the existing simulation modeling suites at a car engine factory in the UK with a new feature that can effectively model the tool delivery process focusing on how the tool crib operates, how tools are supplied to the lines and various operating strategies. The project involved an in-depth investigation into the tool delivery to the machining lines and the tool crib feeding them. The deliverables of the project seeks to enhance the company's simulation suites that can be extensively used by the tooling engineers, allowing them to evaluate and experiment the different scenarios and strategies of tooling management before actual implementation.
TOOL CRIB MODEL
Initial design of the tool crib was made possible by carrying out an in-depth observation in the tool crib and by interviewing tooling engineers and operators in order to understand the actual processes to be modeled. Modifications and updates were made to the model due to amendments to the process flow analysis, to ensure that it sufficiently represents the current state of the tool crib and how it delivers tools to the machining lines. The model was built based on the process flow and in agreement with the tooling engineers.
Basic Model
The simulation model of tool crib was built in Witness ® with the details gathered at the process analysis stage. Equipment inside the tool crib that was modeled include two visual gauges, two heat shrinks, one contact gauge, one wash machine and workbenches. Basic modeling components used in the model are shown in Table 1 .
For each machine, a set of operations were performed according to the properties of the tools when they arrive. The tools are represented by entities (or parts in Witness ® term), split into 15 different categories. This has reduced complexity of the model in terms of tools routing in the tool crib. These categories were continually reviewed during the project to accommodate the vast number of tools.
An attribute was assigned to each part every time it is created in order to identify its category. The initial value was given randomly using the Integer Uniform distribution. Only 8 of the first 15 categories belong to the cylinder block and cylinder head production lines. Afterwards, the different routes for the different categories were created. To verify the logic of the part route, only one category of part was as-signed at a time. The process route inside the tool crib was stepped through. A variable was created to store the values of the tool category attribute and to plot a pie chart for the tool usage. The time each tool spends in each machine was calculated as follows:  Wash machine is a fixed time of less than a minute.  Heat shrink is also a fixed time, but has two operations. The machines can be of two types, working with hot water (needs cool down) or automatic (does not need cool down, much quicker). The possibility of using each of them is implemented in the model.  Cycle times for Visual Gauge, Contact Gauge, Workbench and Crank Gauge were calculated considering the total available times, the fixed operations and the number of operations without cycle times.  Some tools have to go first to the Visual Gauge to get their tag read (fixed cycle time). The iterative approach adopted in building the model significantly helped in identifying errors and bugs hence allowing effective model development.
Integration with the Existing Simulation Suite
The existing simulation suite used in this project is essentially a proprietary Excel spreadsheet that acts as an input/output interface to Witness ® . The spreadsheet has many features, one of which being the automatic model generation. The user interface significantly speeds up model building, making it easier for manufacturing engineers who are not necessarily familiar with simulation modeling, to build and modify complex machining line models (Benedettini and Tjahjono 2009) . Macros inside Excel allow the automatic code generation by linking together the library of custom designed Witness ® modules. The library of modules consists of machines and conveyors typically present in a machining line.
At present, the factory simulation suite models tool changes by including the durations of the tool changes inside the model as variables. Several variables were used to store the information of different change frequencies of the tools; every time a part was produced by the CNC machine, all the tools involved in its production reduce their life counters by one unit. Once the countdown of a tool reached zero, a setup time was included as an addition to the cycle time of the machine and the life of the tool being reset. It was assumed that spare tools were always available inside the model. The tool crib model that has been integrated into the existing factory simulation suite enables more accurate representation of the tool change (using parts as opposed to variables) resulting in more accurate prediction of the tool life. The carrousel of the CNC cell is represented using a buffer where the exchange between the new and old tools takes place, and the CNC cells inside the Witness ® module are represented using two machines. One of them is designed to represent the physical distribution of parts between the different machines acting as the gantry of a CNC cell; and the other is an element where the parts are sent to (and represents the manufacturing of a part), which takes into account the procedure to adjust the tool countdown. Figure 1 shows the screenshot of the simulation suite and the tool crib model developed.
(a)
Figure 1: Screenshots of (a) the simulation suite; (b) the tool crib model
The remaining number of parts (i.e., cylinder heads or blocks) to be produced with a tool, set a warning level. Once the life of one tool goes under this level, the system automatically asks for a new tool and the next two tools, whose life times are closest to the warning limit, to be replaced. Every time the new tools are delivered to the system, they are installed at the carrousel for the production of one part to be sent to a manual checking station. Once the production of this part is completed, the machine is set to use the old tools again while the new ones wait at the carrousel. The final change of the used tool for a new one only takes place when it reaches the end of its life and the part produced by the spare tool has already passed quality check.
The tool change process inside the model is divided into three sub-stages: 1) demand of tools, 2) production of a part with new tools, and 3) change of tools. Whenever a part enters the CNC cell in the model, it calculates if there is any tool that has been through the warning level. In the situation that the system detects at least one tool under the warning level, it enters a loop of prioritization to obtain the next two tools with the shortest remaining life. The next step is designed to find out if the tools are at the warehouse. Once the tool with higher priority is available, a flag is triggered to activate their extraction from the tool crib warehouse. This is also used to transport the tool with the second and third priority following a sequential logic; as such the third tool should not be asked for if the second is not available. The tools extracted from the warehouse are stored in a buffer where they wait for dispatch.
The tool crib and the CNC cells are two different modules inside the Witness ® simulation. The exchange of information from the tool crib to the CNC cells (and vice versa) is done through variables located in a simulation folder in the system. The trigger used to activate the process also ensures that the value of the variables to store the information of the tools demanded could not be rewritten by other elements in the system.
Since the conditions to order tools will be fulfilled during several cycles in order to avoid the continuous demand of tools, a simple locking feature was implemented to allow only one demand of tools at a time. Only when the set of tools demanded by the machine is delivered to the CNC machine, the system will allow the machine to make another demand. Once delivered, it activates a trigger to move these tools to the buffer where the spare tools are stored, and at the same time, sets the destination of the part-piece (i.e., cylinder head or block) produced to manual checking. The traceability is assured by the continuous update of different variables in the model to store information on which spare tools has the machine produced and checked.
The final step of the tool management algorithm is the change of a tool with no more remaining partpieces to produce. This involves two actions: the transportation of the used tools to the side cabinet for collection and the allocation of a new tool at the carrousel. Variables and elements performing these operations are included in the CNC module. Due to the availability of different machines per module, the locking strategy to avoid the rewriting of the trigger and variables involved in the transportation was taken into consideration and logic was rewritten to tackle scenarios such as, when the probability of events were low and several tools can be changed simultaneously.
One of the important modifications made to the simulation suite was the mechanism to stop the CNC machines when the spare tools are not present and their reactivation when the tools arrive. Two different circumstances could lead to a blockage of the CNC cell, the absence of a spare tool and a delay on its quality checking confirmation. The blockage of a line due to the lack of tools was not considered in the existing models. The algorithm managing the tool change was completely dependent on the continuous manufacturing of the CNC cells. In order to enhance the existing algorithm, an external capability was added to perform all the tool delivery operations even in the case that the machining line is stopped. Emulating the process at the factory, this system will repeatedly demand the tools, and once delivered, it activates the machine again. The main advantage of this is the possibility to measure the lost throughput during stoppage of CNC machines which is in essence a bottleneck of the machining line.
The exchange of tools between the different CNC cells and the tool crib has been modeled using tracks and vehicles in Witness ® . At the CNC module, two tracks have been included to simulate the exchange of tools at the side cabinets. The vehicle (or also known as milk run), which is located at the tool crib, periodically covers a route of different CNC cells delivering the tools demanded and collecting the used ones. As the demand of tools varies, the regularity of the milk run is ensured with a time counter. If the duration of the delivery is high, then the idle time of the vehicle is reduced proportionally.
In order to deal with the fact that Witness ® does not allow the use of an attribute as an unloading condition for all the parts inside a vehicle and the distribution of the parts demanded by a specific CNC, a variable was used at the beginning of each track to calculate how many tools should be delivered. The tools on a vehicle are disposed as a pile. The track reads the values of the attributes containing the destination, and starts to unload the quantity calculated from the first tool that satisfies the condition. The inclusion of these elements has been an a significant contribution to enhance the existing simulation suite.
EXPERIMENTATION
The tool crib model was built to represent the actual tool crib in the engine plant in terms of layout but the configuration of the equipment inside the crib and number of tooling operators may not be the optimal combination that could meet the tooling requirements of the line. The aims of the experiments are to obtain the most optimal configuration of resources available in the tool crib that give the most timely delivery of tools to the lines and at the same time to reduce the tool inventory level.
Experiment 1: Configuration of the Tool Crib Resources
For the purpose of designing reasonable scenarios, the experimentation was split into two stages. The first stage is to find the scope for the reasonable scenarios, which will not include many idle machines and the second stage is to carry out the experimentation within that scope. The tool crib outputs are obviously influenced by resources (machines and people) in the tool crib. However, the range can vary for different resources, therefore a sensitivity analysis after each scenario will be done to find the best scenario. For instance, if the tools waiting at the entrance of the tool crib keep increasing, then that experiment will be stopped and the model will be reset to move on to the next reasonable scenario. On the contrary, if the tools inventory decreases to near zero before next delivery, then that experiment can be used for further analysis.
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The data used for the experimentation are:
 number of tools sent to the tool crib  number of tools waiting at the entrance of the tool crib  number of operators; machine's busy, idle, blocked and waiting times  number of tools sent to the warehouse  number of tools stored in the warehouse Table 2 shows the best scenario analysis listing the comparison of the 6 scenarios with different configuration of input data parameters.
The results indicated that the best scenario is given by a combination of 4 operators, 1 contact gauge, 1 heat shrink, 2 visual gauges and 2 crank gauges. There is no significant difference between the total number of tools that were sent to the tool crib and the tools waiting at the entrance of the tool crib under this combination.
Experiment 2: Tool Inventory Level
This experiment investigates the impact of the tool crib configuration to the tool inventory level. Inventory level obviously indicates the level of investment that whenever possible should be minimized aligned with the concerted effort by the management on reducing the tool inventory due to the high and increasing cost of tools.
The question this experiment will answer is therefore: "what is the configuration of the resources in the tool crib that can minimize the tool inventory but at the same time give maximum throughput of the line?"
The aim of this experiment is therefore to determine the minimal inventory level of tools to hold inside the tool crib warehouse.
In this experiment, the inventory level in previous experiment is required. Once the right level of inventory for every tool warehouse is chosen, it is important to look out for their fluctuations. To obtain the suitable stock for the comparison between scenarios, the following steps were followed:
 Run scenarios with very high level of tool inventory that already exists in each warehouse.  Statistically study the fluctuations (as normally distributed).  Check the minimum level of inventory during the simulation time.  Compare this value with the average of the inventory level (minus 3 times standard deviation).  Remove from the initial inventory level, the minimum of these two values.  Run the experiment again and check that the performance of the tool crib does not change.
The above procedure was carried out for each tool (135 analyzed in total) achieving minimum inventory level for every scenario. The data for the comparison were the sum of each tool warehouse (considering the total number of tools inside the tool crib warehouse). This method is arguably not the one that minimize the inventory for every scenario, but the method is believed to be suitable for the purpose of the study. Table 3 shows the configuration of the resources in the tool crib in terms of number of operators, visual gauge and crank gauge.
DISCUSSION AND CONCLUSION
Using the tool crib simulation model to determine the optimum configuration of equipment, labor and the tool inventory level in the tool crib, it is possible for the management to identify what affects the performance of the machining lines fed by the tool crib, hence the overall production. The experiments were carried out to identify the best economical and feasible scenarios to configure future tool crib to serve the lines. The implications from the model building and experimentation conducted are discussed below. The results of each scenario are plotted in Figure 
Configuration Mixes
By categorizing the tools that most frequently arrive into the tool crib and studying their relationship with the equipment in the crib (e.g., visual gauge, crank gauge, etc.), it is possible to identify the best combination of these resources to meet each planned capacity for a tool crib. From the experiments, it was found that the crank gauge was the key constraint of the tool crib. Possible explanation is that although not many tools are processed by this equipment, the time taken to gauge the tool is much longer than that in any other equipment in the crib, during which the tool crib operators were fully occupied at this equipment, leaving other tools arriving at the same time waiting. The experiments also revealed the various scenarios for an ideal tool crib with minimal resources that still meet the tool delivery requirements. This is the best scenario in terms of efficiency where the numbers of tools are serviced in the tool crib and then sent to the warehouse are considerably higher than that in the other scenarios. All four operators are also fairly distributed to service the used tools arriving to the tool crib. 
Operators
It is vitally important to man the tool crib effectively and consequently to determine the most economical level of staffing. At present, typically two operators are sufficient to man the tool crib but some of the crank tools could take up to three hours (excluding waiting time) to gauge. Therefore, it is critical to firstly consider the size of the tool crib and then the number of operators necessary to cover the crank and all other tools. The experiments conducted showed that to effectively deal with the constraints of the crank gauge, it is suggested to have a minimum of four operators, ideally two operators dedicated to rework the crank tools and the other two on other tool types. If the servicing can be done outside the tool crib, then the two operators could run the tool delivery system.
Inventory Level
The experiment also suggested that it is possible to reduce the tools inventory level with minimal adverse effect on the machining lines. Six operators, three visual gauges and two crank gauges could be chosen for this purpose. The inventory level cost is a function of ordering and holding costs, and considering that every other scenario includes more machines or more workers, that means that in terms of stock level, increasing the size of the tool crib does not seem to make any difference. The initial tool crib warehouse has passed this test giving the best alternative design.
Improvement to the Existing Simulation Suite
The modification to the existing simulation modeling suite offers the scalability to automatically create the tool cribs and the different stations that construct a machining line and its complete configuration. The low-level command inside the simulation suite's user interface has been significantly modified to include the option to build up to nine different tool cribs allowing all their parameters and configuration to be defined by the users. Individual customized tool cribs could be built to represent all the different existing facilities at the plant, by changing the number of operators, storage capacities, tool delivery times, the selection of processes and their duration, etc. In addition to that, the tracks and vehicles at the CNC module enables the development of different scenarios to determine the different routes for each tool crib. A function was programmed to read the input destinations and then automatically create the logic in the simulation suite to link the tool crib vehicles and the tracks of the CNC modules.
Concluding Remarks
The work described in this paper is part of an on-going project towards achieving the 'total plant modeling' at the sponsoring company. The main deliverable of this project was a tool delivery system in the form of an integrated machining line and tool crib model. The model allows tooling engineers to decide the most effective tooling strategy to plan the future tool crib configuration. Based on the experiments carried out, the best configuration of the tool crib has been identified in order to achieve the best performance of the entire machining line in terms of production throughput whilst maintaining minimal tool inventory level. To maintain timely delivery of tools to the lines, it is critical to effectively prioritize the planning of the tool crib. Better management of tooling operators is also necessary in order to reduce the bottleneck inside the tool crib. One suggestion that can be made is that some complicated and time consuming operations could be outsourced and only a certain types of tool will be stocked on site. This suggestion requires further investigation.
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